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By making use of a class of a steep exponential type of potentials, which has been recently used to
describe quintessential inflation, we show how a unified picture for inflation, dark energy, and dark
matter can emerge entirely through dissipative effects. Dissipation provides a way to extend the
applicability of a larger class of these potentials in the sense of leading to a consistent early Universe
inflationary picture and producing observables in agreement with the Planck legacy data. Likewise,
dissipative effects lead to dark matter production with consistent abundances and, toward the recent
time of the Universe, drives the potential energy of the scalar quintessential field to dominate again,
essentially mimicking a cosmological constant by today, with all cosmological parameters consistent
with the observations. Both early and late Universes are connected and have no kination period in
between.
I. INTRODUCTION
By now, we have accumulated a large number of cos-
mological data coming from different sources and at in-
creasing precision, as the ones obtained by the most re-
cent cosmological probes, including data from the cosmic
microwave background (CMB) anisotropies [1], galaxy
clustering, e.g., baryon acoustic oscillations (BAO) [2–4],
gravitational lensing [5], the large-scale structure (LSS)
of the Universe [6] and supernovae [7]. Putting all to-
gether, the observational data point to a Universe that
fits the so-called concordance model of cosmology, or
ΛCDM model, quite well. The ΛCDM model is the
simplest cosmological model fitting existing data and de-
scribes our Universe in terms of a cosmological constant
Λ modeling dark energy for the recent accelerating ex-
pansion and cold dark matter (CDM), as the dominant
energy components. Finally, the ΛCDM model is com-
plemented by the idea of inflation as the paradigm to the
solution of the big bang cosmological model for the early
Universe.
Though inflation, dark energy and dark matter are
considered as separated entities in general in the liter-
ature, there are proposals formulating different unified
pictures for them [8–13]. This is motivated by trying to
have a simple picture for these different forms of energy
that have prevailed in the early Universe (inflation) and
in the recent cosmological history (dark energy and dark
matter). In fact, the ΛCDM model itself motivates these
studies, remembering that the model itself faces unsolved
theoretical issues, like the fine-tuning problem [14], the
cosmic coincidence problem [15] and the unexplained nu-
merical value of the cosmological constant itself.
In the present work, we propose a model implementing
a typical quintessential inflation behavior, i.e., through a
scalar field model that can play both the roles of the in-
flaton and the dark energy (in the form of a dynamical
scalar-quintessence field), in the early and late cosmol-
ogy histories of the Universe, respectively. Quintessential
inflation models are abundant in the literature [16–25].
One of the main novelties in the model to be presented
here is the role that dissipation will be making through-
out the dynamics, from the very early inflationary Uni-
verse until the recent dark energy accelerated epoch. In
addition, dissipation itself will serve us in producing the
appropriate abundance of dark matter, thus naturally
and nicely connecting the end of inflation with the big
bang early radiation dominated Universe, passing by the
matter-dominated regime and ending in the recent (dark
energy-dominated) acceleration regime. We will real-
ize this program in the context of the warm inflation
picture [26] (see also Refs. [27, 28] for reviews), which
also serves to motivate how energy can be exchanged in
between the dark sector components (i.e., between the
quintessential inflaton field and the dark matter).
Recently, quintessential inflation models motivated
from warm inflation have been suggested [29, 30]. These
models have a number of attractive features. For ex-
ample, one does not need to rely on gravitational parti-
cle production in these models as the leading mechanism
for generating the radiation-dominated regime after infla-
tion1, like in the original quintessential inflation model by
Peebles and Vilenkin [16]. Besides, on a more fundamen-
tal level, there has recently been increased interest in how
present field theory models describing either inflation, or
dark energy, or both, can be accommodated in a con-
sistent ultraviolet completion in quantum gravity/string
theory. This gave origin to the recent so-called swamp-
land conjectures (see, e.g., Ref. [39] for a thorough recent
review and references therein), which puts in check the
ΛCDM model, dark energy models and inflation models
alike. In this perspective, warm inflation has been dis-
cussed as a possible and natural way to evade the issues
brought about by these swampland conjectures [40–42].
1 Note, however, that there are other ways of reheating the Uni-
verse in quintessential inflation and that do not rely on gravita-
tional particle production, like instant preheating [31, 32], cur-
vaton reheating [33–35], Ricci reheating [36, 37] and reheating
with a trap [38].
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2While the authors in Refs. [29, 30] formulated the
quintessential inflation model in the warm inflation con-
text with the Peebles and Vilenkin type of potential [16],
here, instead, we will make use of a class of steep ex-
ponential potentials for quintessential inflation [43–47].
Contrary to the thawing type of models for quintessence,
this is a freezing type of model (for a distinction between
thawing and freezing models, see, e.g., Ref. [48]). While
thawing models are very sensitive to the initial condi-
tions, the freezing models are essentially independent of
the initial conditions [49]. Freezing models can also ex-
hibit a tracker or a scaling behavior, depending whether
they can provide a late-time acceleration or not, while
this is not possible in scaling models. The simple expo-
nential potential, for example, exhibits a tracking behav-
ior and as such, it does not lead to a correct present-time
behavior in which the equation of state of dark energy
should be such that ωφ ' −1 and it is then considered in
general only as a suitable quintessence model with mod-
ifications of its potential [14, 50]. For the steeper poten-
tial of a generalized exponential form as introduced in
Refs. [43–45], the energy density of the scalar field freezes
in the past because of the Hubble damping, and later on
it starts evolving and scales with the background toward
the recent epoch, after which it exits to the background
providing then the late-time acceleration recently. Be-
sides having all the desirable properties as a quintessence
model, it also produces a consistent early Universe infla-
tionary cosmology in agreement with the Planck data, as
also shown in Refs. [43–45].
To connect with dark matter, the authors in Ref. [44]
made use of the so-called growing neutrino quintessence
model [51, 52]. Because of the still approximate scaling
behavior of the model, by coupling the scalar field non
minimally to neutrinos makes their mass to grow as the
scalar field grows and this helps to trigger the late-time
transition to the present accelerated expansion epoch.
Here, instead, we couple the inflaton quintessential field
to matter only through energy exchange effects. This,
as we are going to demonstrate, when done in an appro-
priate way, this leads naturally to a matter-dominated
regime and at the same time will make the scalar field
energy density dominate again at later time, closer to the
recent epoch, triggering the transition from matter dom-
ination to the current accelerated regime. This approach
is very much similar to the recent studies on dark matter-
dark energy interactions [53–71]. This type of approach,
in which interactions in the dark sector are assumed, has
many appealing properties like, for example, providing
a way of explaining the coincidence problem or at least
alleviating it (for a thorough description of the proper-
ties of these dark sector interacting models, see, e.g., the
review papers Refs. [72, 73]). Typically, the proposed
forms for the interaction terms involving the dark sec-
tor are in general purely phenomenological, with many
different forms treated in the literature. Here, however,
we will motivate the interactions fully from the warm
inflation picture. In warm inflation, different forms of
dissipation coefficients have been considered (for exam-
ples, see, e.g., Refs. [74, 75]). It happens that depending
on the form of the scalar potential and the dissipation co-
efficients, different dynamical behaviors can emerge. In
the present work, we will use for the inflationary part
of the dynamics the dissipation coefficient described in
Refs. [27, 75], which combined with the generalized ex-
ponential form for the potential, has the property of nat-
urally becoming negligible at the end of inflation and no
further significant radiation produced from the energy of
the inflaton/quintessence scalar field to light degrees of
freedom being generated later on. However, we can still
have interactions between the scalar field and the pro-
duced nonrelativistic matter afterward. These interac-
tions, in fully analogy with the behavior expected from
similar dissipation processes in the warm inflation dy-
namics, can be chosen such as to initially promote the
growth of the nonrelativistic matter over radiation, cre-
ating a long enough matter-domination period after radi-
ation domination. Then, it will subsequently contribute
to making the scalar field energy density to dominate
again in a mechanism similar to the one observed with
other approaches with interactions in the dark sector.
The next sections of this work are organized as follows.
In Sec. II, we will present the model that we study here
and its implementation in the warm inflation picture. In
Sec. III, we will study the early Universe inflationary dy-
namics of the model and give its observational predic-
tions, contrasting them with the Planck legacy data. We
will dedicate Sec. IV to the study of the late Universe
dynamics and also obtain the different predictions of the
model in this epoch. We will show that the model pro-
vides a fully consistent picture in this epoch and also
contrast the results, at the background level, with those
from the Planck data. Finally, in Sec. V, we will give our
conclusions.
II. MODEL
In the warm inflation (WI) dynamics [26] the inflaton,
described by a scalar field φ, is coupled to radiation bath
degrees of freedom, with energy density ρR, through a
dissipation type of coefficient that is fully motivated and
can be derived from microscopic physics from quantum
field theory [27]. The background dynamical evolution is
defined by the equations
φ¨+ 3(1 +Q)Hφ˙+ V,φ = 0, (2.1)
ρ˙R + 4HρR = 3HQφ˙
2, (2.2)
where dots denote temporal derivatives, H is the Hubble
parameter,
H2 ≡
(
a˙
a
)2
=
1
3M2Pl
ρ, (2.3)
with ρ the total energy density, a ≡ a(t) is the scale
factor, MPl ≡ 1/
√
8piG ' 2.4 × 1018GeV is the reduced
3Planck mass and Q in Eqs. (2.1) and (2.2) is the dissipa-
tion ratio in WI, defined as
Q =
Υ(T, φ)
3H
, (2.4)
where Υ(T, φ) is the dissipation coefficient in WI, which
can be a function of the temperature and/or the back-
ground inflaton field, depending on the microscopic
physics for WI. For instance, in Refs. [27, 42, 74–76]
there are many examples of models leading to differ-
ent forms for Υ(φ, T ). For example, in the models of
Refs. [27, 74, 75], the dissipation coefficient typically
scales with the temperature T of the radiation bath and
the background inflaton field as Υ ∝ T 3/φ2. In the model
studied in Ref. [76] we find instead that Υ ∝ T , while
in the more recent construction done in Ref. [42], it is
found that Υ ∝ M2/T , where M is a mass scale in the
model. Motivated by these functional forms found for
the dissipation coefficient in WI, we can make a generic
parametrization for the dissipation coefficient like
Υ(T, φ) = CT cφpM1−c−p, (2.5)
where C is a dimensionless constant (that carries the de-
tails of the microscopic model used to derive the dissipa-
tion coefficient, e.g., the different coupling constants of
the model) and numerical powers given by c and p, which
can be either positive or negative numbers (note that the
dimensionality of the dissipation coefficient in Eq. (2.5)
is preserved, [Υ] = [energy]).
Furthermore, we recall that the slow-roll parameters
in WI are modified with respect to the ones in the cold
inflation scenario to
WI =
V
1 +Q
, (2.6)
ηWI =
ηV
1 +Q
, (2.7)
where
V =
M2Pl
2
(
V,φ
V
)2
, (2.8)
ηV = M
2
Pl
V,φφ
V
. (2.9)
Given the dissipation coefficient expressed like
Eq. (2.5) and using the slow-roll approximations for the
equations (2.1), (2.2) and (2.3), we can deduce, after
some algebra, that Q and T/H have evolution equations,
expressed in terms of the number of e-folds, dN = Hdt,
given, respectively, by
d lnQ
dN
=
2 [(2 + c)V − c ηV − 2pκV]
4− c+ (4 + c)Q , (2.10)
d ln(T/H)
dN
=
[7 + c(Q− 1) + 5Q] V − 2(1 +Q)ηV + (Q− 1)pκV
(1 +Q)[4− c+ (4 + c)Q] , (2.11)
where κV is defined as
κV = M
2
Pl
V,φ
φV
. (2.12)
The above equations determine the evolution of Q and
T/H in the WI dynamics. Depending on the scalar
field potential model and dissipation coefficient, we can
have different behaviors for these quantities, for exam-
ple, growing or decreasing with the number of e-folds
whether the right-hand-sides of the Eqs. (2.10) and (2.11)
are positive or negative, respectively. In particular, the
denominator of these equations can be shown to be al-
ways positive and this is ensured when studying the dy-
namical stability in general of the background equations
in WI [77–79]. These studies have shown that WI has a
stable dynamics provided that the power c in the dissi-
pation coefficient Eq. (2.5) satisfies −4 < c < 4, which is
valid in the weak (Q 1) and strong (Q > 1) dissipative
regimes of WI. The sign of the numerator in Eqs. (2.10)
and (2.11) can also be determined according to the model
in study.
As already explained in the Introduction, in this
work we will be working with the scalar potential for
quintessential inflation given by the generalized exponen-
tial form [43–45]
V (φ) = V0 exp [−α(φ/MPl)n] , (2.13)
where V0 is the normalization of the potential and α
is a dimensionless constant. In the conventions used in
the present work, α is considered as a positive number
and the time derivative of the scalar field is also posi-
tive, φ˙ > 0. We are also interested in potentials steeper
than the simple exponential one, hence, n > 1. When
α(φ/MPl)
n  1, the potential is sufficiently flat to al-
low inflation, while as φ rolls down the potential and
α(φ/MPl)
n becomes closer to 1, the potential steepens,
ending inflation. Finally, as φ continues to increase, for
α(φ/MPl)
n & 1, a late-time scaling solution emerges. As
discussed and explained by the authors in Ref. [44], the
scalar field φ can exceed the Planck scale when α  1,
yet with no related ultraviolet (UV) issues.
Since the dissipation coefficient in WI is in general
a function of the temperature, it couples the scalar
quintessential inflaton field directly with the radiation.
Since from the observational point of view there is no
reason to have this coupling present in the late Universe,
4the dissipation coefficient (2.5) must be relevant only at
the early times and be negligible afterward. This is equiv-
alent to requiring that Q should be a decreasing function
of time (number of e-folds) by the epoch that the scalar
field enters in the scaling regime where α(φ/MPl)
n & 1.
Substituting Eq. (2.13) in Eq. (2.10) for instance, we find
d lnQ
dN
= −
nα
(
φ
MPl
)n−2
4− c+ (4 + c)Q
×
[
−2c(n− 1)− 4p+ (c− 2)nα
(
φ
MPl
)n]
.
(2.14)
Thus, we find that in the scaling regime and for c > 2,
the right-hand-side of Eq. (2.14) is negative, hence, Q is
a decreasing function with the number of e-folds. This
is in particular the case for the dissipation coefficient of
Refs. [27, 74, 75], i.e., when considering c = 3, p = −2 in
Eq. (2.5). One should also note that there are other ways
of making Υ vanish at later times, after the inflationary
regime, due to the intrinsic microscopic details of the WI
construction, like in Refs. [42, 76], in which after the tem-
perature decreases to a value below a characteristic scale
of the model, the dissipative effects can shut down. How-
ever, this is mostly dependent of the microscopic physics
involved and in the present work, we adopt a more model
independent approach, in which the coupling between the
scalar field and radiation can naturally become negligi-
ble (and effectively inefficient) after inflation as a result
of the background dynamics. Hence, from now on we will
assume that the early Universe inflationary dynamics is
dominated by the dissipation coefficient with the cubic
dependence on the temperature,
Υcubic = Ccubic
T 3
φ2
, (2.15)
and the dissipation ratio that couples the scalar
quintessential inflaton field to radiation is then Q ≡
Υcubic/(3H).
In addition to Eqs. (2.1) and (2.2) for the background
dynamics of φ and ρR, we should also complement them
with the evolution equation for the matter energy density,
ρm, so to be able to properly describe the late-time evolu-
tion of the Universe. The matter energy density can also
be split into the dark matter and baryon energy densi-
ties, ρDM and ρb, respectively, such that ρm ≡ ρDM +ρb.
In the present work we will not make the distinction be-
tween the background evolution for each of these com-
ponents separately and we will treat only the evolution
of the total matter energy density, i.e., we will treat the
dark matter and baryons as a single matter fluid. One
should also recall that baryons total about one-sixth of
the present total matter distribution, thus, we expected
that by not making a distinction between dark matter
and baryons, we should not be incurring in any signifi-
cant error in the numerical evaluations in the next sec-
tions. This should, in particular, be true at least at the
background level, which is the case we focus on this work.
As far as dark matter production is concerned, WI it-
self can have the mechanisms needed for generating it.
This can happen either through the intrinsic dissipative
dynamics inherent of the WI picture, or also as a conse-
quence of it, like, e.g., the inflaton itself being a stable
remnant behaving at later times as dark matter [80, 81].
For some decaying vacuum energy models that can possi-
bly behave like in WI, see, e.g., Ref. [82]. The possibility
of matter generation (through a baryogenesis scenario) in
WI was explored before in Refs. [83, 84]. In particular,
iRef. [85] studied in detail the observational implications
of this scenario, with the prediction that the matter pro-
duction in WI would lead to fully anticorrelated isocur-
vature perturbations. These previous studies motivate us
to treat the matter evolution dynamics as concomitant
with those from the scalar field and the radiation fluid.
Indeed, the dissipation model studied in Refs. [83, 85] was
actually the same that leads to the dissipation coefficient
of the form of Eq. (2.15). The recent models of dark mat-
ter and dark energy interactions [72, 73] also motivate
us to consider similar energy exchange terms involving
the dark sector. Here, however, we motivate these terms
from the WI picture. Indeed, we can show that by simply
replacing the radiation energy density by the matter den-
sity, T ∝ ρ1/4R → ρ1/4m , we can construct dissipation ratios
Qρm with dynamical behavior similar to the ones seen in
Eq. (2.14). We will use this generic property in our con-
struction below. Motivated by the above remarks, here
we propose the complete set of background equations in-
volving the quintessential scalar field, the radiation fluid
and the matter energy densities as given, respectively, by
φ¨+ 3 (1 +Q)Hφ˙+ Υρm φ˙+ V,φ = 0, (2.16)
ρ˙R + 4HρR = 3HQφ˙
2, (2.17)
ρ˙m + 3Hρm = Υρm φ˙
2, (2.18)
where Υρm describes the energy exchange term between
the quintessential scalar field and matter energy density
and we parametrize it in the form
Υρm = cm
ρ
3/4
m
φ2
+
M2
ρ
1/4
m
, (2.19)
where cm is a dimensionless constant and M is another
constant with mass dimension. The form of the first term
in Eq. (2.19) is closely motivated by the Eq. (2.15). Sim-
ilarly to the behavior found for the dissipation coeffi-
cient of the form Eq. (2.15), the first term in Eq. (2.19)
displays a growing dynamics during inflation, setting an
abundance for the matter density until around the be-
ginning of the radiation-domination regime, after which
it decays with time. On the other hand, the second
term in Eq. (2.19) displays opposite behavior, decreas-
ing throughout inflation but later on growing with time.
Given appropriate parameters cm and M , we can arrange
a similar behavior found, e.g., in the case of nonminimal
couplings of the scalar field to matter [53]. With the
second term in Eq. (2.19), as it grows at later times,
5it will eventually provide an extra friction force on the
quintessence scalar field and help making φ acquire a
negative equation of state, signaling the beginning of the
dark energy (quintessence) domination epoch. As far the
dependences on ρm in Eq. (2.19) are concerned, we could
also think in a term similar to a dissipation coefficient
that is proportional to the temperature in the WI sce-
nario [76]. Then, by the same analogy as assumed in
the construction of the terms in Eq. (2.19), by taking
T → ρ1/4m , such a term would have a behavior similar
to the second term on the right-hand side of Eq. (2.19),
growing at the end of the inflationary regime and lead-
ing the energy density of the scalar field to dominate at
present. However, the growth is much slower than pro-
vided by the second term in Eq. (2.19), making the tran-
sition from matter domination to the acceleration regime
happen at a much higher redshift than is observation-
ally acceptable (likewise, the matter domination regime
is too short). Such a term in Eq. (2.19) is then rendered
unacceptable. Likewise, we could look at the first term
in Eq. (2.19) with a larger power in the matter energy
density, but then we face the opposite behavior, a po-
tential larger matter domination regime and much later
transition to the acceleration regime (and also possibly
instabilities issues as far as a dynamical system analysis is
concerned, similar to what is seen in WI with dissipation
coefficients with a large power in the temperature [77–
79]). In this sense, the dependences in Eq. (2.19) seem a
middle term between these extreme behaviors.
In the next sections, we will show explicitly how each
of the dissipative terms appearing in Eqs. (2.16), (2.17)
and (2.18), and given by Eqs. (2.15) and (2.19), help pro-
duce a consistent picture for the evolution of the scalar
(quintessential inflaton) field and the radiation and mat-
ter constituents, from the primordial inflation time up
to the recent epoch. We will start by first studying the
inflationary early Universe epoch.
III. EARLY UNIVERSE INFLATIONARY
COSMOLOGICAL DYNAMICS
The potential (2.13) can support an inflationary regime
in its flat region, α(φ/MPl)
n  1. The predictions for
this model can be contrasted with those from the recent
CMB observations, e.g., from the Planck data [86]. We
are, in particular, interested in the tensor-to-scalar ratio
r and the spectral tilt ns, defined, respectively, by
r =
∆T
∆R
, (3.1)
and
ns − 1 = lim
k→k∗
d ln ∆R(k/k∗)
d ln(k/k∗)
, (3.2)
where ∆R is the primordial scalar curvature power
spectrum and ∆T is the tensor power spectrum. Quan-
tities with a subindex ∗ mean that they are evaluated
at the Hubble radius crossing, k∗ = a∗H∗. The Planck
Collaboration [86] gives for r the upper bound, r < 0.056
(95% CL, Planck TT,TE,EE+lowE+lensing+BK15, at
the pivot scale kp = 0.002/Mpc), while for the spectral
tilt the result is ns = 0.9658 ± 0.0040 (95% CL, Planck
TT,TE,EE+lowE+lensing+BK15+BAO+running).
Furthermore, the normalization of the primordial
scalar curvature power spectrum, at the pivot scale
k∗, is given by ln
(
1010∆R
) ' 3.047 (TT,TE,EE-
lowE+lensing+BAO 68% limits), according to the
Planck Collaboration [1] and this is the value we will
assume in all our numerical simulations, in particular for
finding the normalization V0 of the potential Eq. (2.13).
In the cold inflation scenario, i.e., in the absence of
dissipative effects and no radiation bath during inflation,
∆R and ∆T are given, respectively, by the standard ex-
pressions [87]
∆R =
(
H2
2piφ˙
)2
, (3.3)
∆T =
2H2
pi2M2Pl
. (3.4)
n=3
n=4
n=5
n=6
n=7
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r
FIG. 1. The spectral index ns and the tensor-to-scalar
ratio r in the plane (ns, r), in the cold inflation sce-
nario (i.e., in the absence of dissipative effects) for dif-
ferent values of the exponent n and constant α, such
that 10−12 ≤ α ≤ 10−1 (α increases when going from
small to larger values of r). The shaded areas are
for the 68% and 95% C.L. results from Planck 2018
(TT+TE+EE+lowE+lensing+BK15+BAO data).
In the Ref. [44], the authors have studied in detail the
predictions for the model with the potential given by
Eq. (2.13), including approximate analytical expressions
for r and ns in the cold inflation case. For complete-
ness, in Fig. 1 we show these results for different values
of the power n in Eq. (2.13). The dimensionless constant
α in the potential varies, 10−12 ≤ α ≤ 10−1. The values
of α increase when going from small to larger values of
r, which then determines the curves in Fig. 1. For this
6figure, we have considered N∗ = 60 for the number of
e-folds before the end of inflation.
One notices from Fig. 1 that only for n > 5 can one
have results for the spectral tilt compatible with the re-
cent observational data at the 2σ level. This situation can
change considerably in the WI case. Because of dissipa-
tion and the presence of a radiation bath, the primordial
scalar power spectrum given by Eq. (3.3) changes, while
the tensor spectrum Eq. (3.4) remains unchanged. The
primordial power spectrum for WI at horizon crossing
can be expressed in the form (see, e.g., Refs. [88–90])
∆R(k/k∗) =
(
H2∗
2piφ˙∗
)2
F(k/k∗), (3.5)
where the function F(k/k∗) in Eq. (3.5) is given by
F(k/k∗) ≡
(
1 + 2n∗ +
2
√
3piQ∗√
3 + 4piQ∗
T∗
H∗
)
G(Q∗), (3.6)
where n∗ denotes the inflaton statistical distribution due
to the presence of the radiation bath and G(Q∗) accounts
for the effect of the coupling of the inflaton and radia-
tion fluctuations [91–93]. G(Q∗), in general, can only be
determined by numerically solving the set of perturba-
tion equations in WI. However, in the weak dissipative
regime of WI, where Q∗  1, these coupling effects on
the scalar curvature power spectrum are negligible and
we can safely consider G(Q∗) ' 1 in Eq. (3.6). In the
present work we will restrict to this regime, which will
suffice for us to obtain our main results. For a note on
this point of considering the weak dissipative regime, one
should, however, note that evading the recent so-called
Swampland conjectures, one typically requires going in
the strong dissipative regime of WI, Q 1, as shown in
Refs. [40, 42]. With the generalized exponential poten-
tial Eq. (2.13) we can find parameter regimes supporting
Q  1, but in the present work we will not explore this
region of parameters but leave this open for future stud-
ies. In fact, even the simple exponential potential (with
n = 1) is also shown to support the strong dissipative
regime and also lead to consistent inflationary observ-
ables, provided that we extend the system beyond the
general relativity case, e.g., in the context of extra dimen-
sions and the braneworld extension, as shown recently in
Ref. [94], in which all the swampland conjectures can be
overcome.
Before presenting our results for the WI case, let us
comment on the choice of the initial conditions in our
problem. Deep in the inflationary regime, we can use the
slow-roll equations derived from Eqs. (2.16) and (2.17).
The matter energy density is negligible during that time
and can be neglected (including Υρm). With these equa-
tions and also using the expression for the scalar cur-
vature power spectrum Eq. (3.5) and the corresponding
CMB normalization, we can fix the normalization V0 in
the inflaton potential and find the appropriate initial con-
ditions leading to the required N∗ e-folds of inflation be-
fore its end, which is the point in the inflationary evo-
lution relevant for obtaining r and ns. In particular,
the value for φ∗ obtained is always a bit farther away
to the right from the inflection point of the potential
(when n is odd), or away (also to the right) from the
top of the potential hill (when n is even), since otherwise
we could be starting with initial conditions leading to a
much larger value of e-folds of inflation and having to
wait some long time until the relevant instant N∗ when
the scales of interest leave the Hubble radius. Here, as
also in many other works on inflation, including Ref. [44],
which made explicit studies of the present generalized
exponential inflaton potential, we do not address how
exactly the system achieves the conditions necessary for
inflation. Physically viable suggestions for mechanisms
setting the appropriate conditions for inflation are, for ex-
ample, through some earlier phase transition, or through
thermal and dissipative effects acting in the preinflation-
ary phase, as suggested and developed in Ref. [95].
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FIG. 2. Similar to Fig. 1, but in the WI scenario, for a dis-
sipation ratio Q∗ = 5× 10−7. Only the n = 3, 4, 5 cases are
shown.
By performing the analysis in the WI case, with scalar
power spectrum given by Eq. (3.5) and setting G(Q∗) = 1
in Eq. (3.6), which is justified for Q∗  1, we show in
Fig. 2 the results equivalent to Fig. 1. In Fig. 2 we have
fixed the dissipation ratio at the value Q∗ = 5 × 10−7.
Though very small, it is already large enough to deform
the curves (with varying α) shown in the previous Fig. 1.
In particular, the models with n = 3 and n = 4, which
were excluded beforein the cold inflation scenario, are
now found to be consistent with the Planck data for a
range of α values2.
We also recall from Eq. (2.14) that Q is evolving with
the number of e-folds. Thus, even though we might have
2 However, we find no values for the dissipation and coefficient α
such to get the case with n = 2 inside the Planck confidence
regions, which has a ns that is always too red tilted.
7a very small Q∗ at the instant N∗ e-folds before the
end of inflation (and still also be inside the WI regime,
where T > H), by the end of inflation, and before the
scaling regime for which α(φ/MPl)
n & 1, Qend can be
much larger than Q∗. This is in fact what facilitates the
transition from the inflationary regime to the radiation-
dominated one. We illustrate this behavior in Fig. 3, tak-
ing as an illustration, the case with n = 3 in Eq. (2.13)
and for a dissipation ratio Q∗ = 6.24×10−6, which is one
of the cases explicitly studied in the next section (see Ta-
ble I).
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FIG. 3. The evolution of the dissipation ratio Q with the
number of e-folds for the model n = 3 and parameters given
in Table I.
In the model and parameters considered in Fig. 3, we
have N∗ ' 61.6. We see that during inflation Q grows
by more than 4 orders of magnitude and at the end of
inflation, Qend ' 0.33. Soon after that and as anticipated
in the discussion following Eq. (2.14), with the scalar field
satisfying α(φ/MPl)
n & 1, the value of Q quickly drops
down. It is also useful to show the dynamics for the
inflaton kinetic K = φ˙2/2, the potential V (φ), and the
radiation ρR energy densities. This is shown in Fig. 4.
We notice from the results shown in Fig. 4 that before
the system transits to the radiation-dominated phase,
there is a small regime in which the kinetic energy of
the scalar field is the largest energy component. This
kinetic regime lasts however a very short time, however,
about ∼ 0.2 e-folds in the present example. This is a
characteristics of the WI dynamics and also seen in the
warm quintessential inflation studied e.g. in Ref. [29].
Having established that one can have a consistent in-
flationary regime in the WI dynamics with the primor-
dial steep potentials of the form of Eq. (2.13), let us
now analyze the late-time dynamics for the model, with
background equations given by Eqs. (2.16), (2.17) and
(2.18), with dissipation coefficients given by Eqs. (2.15)
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FIG. 4. The evolution of the kinetic K = φ˙2/2, of the poten-
tial V (φ), and for the radiation ρR energy densities, for the
same model and parameters used in Fig. 3. All energy densi-
ties are normalized by V0, where V0 ' 1.62× 1015GeV for the
present model parameters. The inset zooms in a region right
after inflation.
and (2.19). We will focus on three models in particular,
in which n = 3, 4, 5.
IV. LATE-TIME UNIVERSE DYNAMICS
For the late-time dynamics, we will work with three
explicit examples, considering the cases of n = 3, 4, 5 in
the potential Eq. (2.13). The constant α in the potential
and the dissipation ratio Q∗ determining the inflationary
dynamics, such as the value for spectral tilt ns that we
find is always close to the central value from the Planck
data, i.e., ns ' 0.965, are chosen. The number of e-folds
of inflation N∗ between the moment the relevant scales
with wave number k∗ leave the Hubble radius and reenter
around today, is defined by the relation [96]
k∗
a0H0
= e−N∗
T0
Tend
H∗
H0
, (4.1)
where a0 and H0 are the today values for the scale fac-
tor and Hubble parameter, respectively. H∗ is the Hub-
ble parameter during inflation and Tend and T0 are the
temperature at the beginning of the radiation-dominated
regime and the CMB temperature today, respectively.
Typically, in the cold inflation scenario Tend is difficult
in general to obtain given that it depends of the details of
the reheating process after inflation. In WI, however, this
is much simplified, since the transition from the end of in-
flation to the radiation-dominated regime is smooth and
Tend is simply the temperature at the end of WI. There-
fore, we can self-consistently obtain N∗ from Eq. (4.1).
In this work, we take the convention that a0 = 1 (like-
wise, the redshift parameter today is z0 = 0). For the
Hubble parameter today, we will assume the Planck re-
sult, H0 = 67.66 km s
−1Mpc−1 [from the Planck Col-
laboration [1], TT,TE,EE-lowE+lensing+BAO 68% lim-
8its, H0 = (67.66 ± 0.42) km s−1Mpc−1]. Likewise, for
the CMB temperature today we assume the value T0 =
2.725 K = 2.349 × 10−13 GeV. The value of T0 will fix
the total number of e-folds of expansion, Ntotal from
the instant N∗ deep in the inflationary regime until to-
day. We still need to find the constants cm and M in
Eq. (2.19). These can be unambiguously found by re-
quiring that we obtain the appropriate values for the
dark matter and dark energy density ratios today, Ωm,0
and ΩDE,0, respectively. For these values, we use again
the dataset TT,TE,EE-lowE+lensing+BAO 68% limits
from the Planck Collaboration, which give the values
Ωm,0 = 0.3111 ± 0.0056 and ΩDE,0 = 0.6889 ± 0.0056
(see, e.g., Table 2 of Ref. [1]). Our model parameters are
determined such as to lead to values for Ωm,0 and Ωφ,0
that are between the range found in these observational
results, which are here taken to be our fiducial values.
Likewise, the fractional density in radiation, Ωr, is always
at a level consistent with its value today, Ωr,0 ∼ 8×10−5
(including neutrinos).
TABLE I. The three model examples considered, along with the respective parameters and the relevant cosmological quantities
(see text) obtained from them.
Model ns r N∗ Ntotal cm M (eV) zDM−DE Ωφ(zrec ≈ 1100)
n = 3
α = 0.05 0.9652 6.24× 10−6 61.6 125.2 0.0668 1.48× 10−16 0.6135 0.00186
Q∗ = 4.03× 10−5
n = 4
α = 0.01 0.9659 9.24× 10−5 62.1 126.6 0.0455 2.72× 10−16 0.6051 0.00056
Q∗ = 2.55× 10−7
n = 5
α = 4× 10−4 0.9657 4.24× 10−4 62.6 127.3 0.0723 2.99× 10−16 0.6050 0.00047
Q∗ = 8.73× 10−8
Our results for the three examples using n = 3, 4, 5
are summarized in Table I. We also quote the results
obtained for the redshift at the transition from dark
matter to dark energy domination, zDM−DE. In Ta-
ble I we also give the value for the density parameter
for the quintessential scalar field close to recombination,
Ωφ(zrec ≈ 1100), which is a useful result to be compared
with early dark energy constraints.
The values obtained for M and given in Table I, inter-
estingly, they fall in the ballpark for the masses of light
axionlike pressureless cold dark matter particles [97]. In
principle we could also directly write M in terms of some
typical mass scale for dark matter, up to some constant
cM , e.g., mDM = cMM . The two dissipation terms in
Eq. (2.19) in principle should both come from similar
physical processes, thus, the constants cm and cM are
not expected to differ in value by too disparate num-
bers. Even when setting, for example, cM  cm, mDM
can reach the mass range of the so-called fuzzy cold dark
matter [98], 10−33eV . mDM . 10−18eV. Even though
we did not make any assumptions here about the un-
derline dark matter being produced (except that which
is cold), the values of M obtained and shown in Ta-
ble I are quite suggestive. Despite that the mass scale
M might have some physically well-motivated value, its
value is, in principle, not related to any other natural
energy scale in our model. Thus, its smallness can still
be associated with some level of fine-tuning due to M
being much smaller than the vacuum energy density in
the ΛCDM model, ρ
1/4
Λ ∼ 10−3eV, but still much larger
than H0 ∼ 10−33eV.
Early dark energy can potentially change the expan-
sion history in the early and also in the late Universe.
It can affect galaxy formation, big bang nucleosynthe-
sis and the CMB anisotropies. The strongest bound to
date come from the CMB data [99], which sets the upper
bound Ωφ(zrec) . 0.0036 (at 95% confidence level, for
Planck TT,TE,EE-lowP+BSH) on the amount of dark
energy (here described by quintessence) at the time of
recombination, zrec ≈ 1100. Our results for Ωφ(zrec) for
the three models analyzed and given in Table I are shown
to satisfy this upper bound.
The redshift at the transition from dark matter to
dark energy domination, zDM−DE, has been considered
as a possible additional cosmological parameter. Though
it is very difficult to precisely constrain zDM−DE (see,
e.g., Ref. [100] for a recent analysis), it is generically as-
sumed that any model describing dark energy and the
current cosmological data, should have a value such that
0.5 < zDM−DE < 1. Again, our results for the three
models analyzed produce acceptable values for zDM−DE,
as shown in Table I.
In Fig. 5, we show the complete evolution for each
of the energy density fractions, Ωφ, Ωm and Ωr, for the
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FIG. 5. The energy density fractions, Ωφ, Ωm and Ωr, as a
function of the redshift, for the model n = 3 and parameters
given in Table I.
quintessence scalar field, the matter and radiation fluid
components. This is shown for the model with n = 3 with
the parameters given in Table I. The other two models
have very similar results and, hence, we do not show them
here.
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FIG. 6. The equations of state for the quintessence scalar
field, wφ, and for the whole Universe, wtotal, as a function
of the redshift, for the model n = 3 and parameters given in
Tab. I.
In Fig. 6, we show the equation of state (EOS) for
the quintessence scalar field, wφ, and for the whole Uni-
verse, wtotal. Again, we show the results only for the
model with n = 3, with the other two models having
very similar results. We note from the results shown
in Fig. 6 that the Universe goes from the inflationary
regime to the radiation-dominated one with a very short
intermediate kination period, in which 1/3 < wtotal ≤ 1.
This is quite different from typical inflation quintessen-
tial models, in which one usually finds a rather long ki-
nation period and the Universe expands like stiff matter,
ρ ∝ 1/a6. Here, however, because of the different dis-
sipative effects, first from the WI intrinsic dissipation,
Eq. (2.15), and the subsequent quintessence-dark matter
interaction, Eq. (2.19), their effects are fundamental to
first leading to a smooth transition from the inflationary
regime to the radiation-dominated one and then to main-
tain the Universe in a radiation EOS wtotal = 1/3, sub-
sequently, except for a very short period after inflation
3, as shown in Fig. 6, with wtotal never reaching 1, as ex-
pected for a fully developed kination period. This is quite
an important result, since large kination periods can be
potentially dangerous in many quintessence models. In
a model like that given by Eq. (2.13), in the absence of
particle production mechanisms like the one of WI, one
has to rely on gravitational particle production. The pro-
duced gravitational radiation can then be boosted by the
kination period and it can potentially dominate by the
time of big bang nucleosynthesis and can even challenge
a successful nucleosynthesis [45, 101]. It is quite satis-
fying to see that in the present model we do not have
any such issues. In fact, we do not have to rely at all
on gravitational particle production. Particle production
in the present case is all from quasiadiabatic motion of
the scalar field φ along its potential. This mechanism of
particle production, typical of the WI scenario (contrary
to particle production from the quantum vacuum) is as-
sured by the presence of the thermal bath, which was
first discussed in connection to inflation by Hosoya and
Sakagama in Ref. [102] and also by Morikawa and Sasaki
in Ref. [103]. A proper quantum field theory interpreta-
tion of this particle production mechanism in a thermal
bath was later given by Moss and Graham in Ref. [104],
in particular leading to a dissipation coefficient of the
form of Eq. (2.15). For an additional remark concerning
the results for the EOS for the quintessence scalar field,
wφ, and shown in Fig. 6, let us note that a time-varying
EOS for dark energy, of the form w(a) = w0 + (1−a)wa,
has been assumed by several works (see, e.g., Ref. [1]).
Given that the quintessence field in our model follows
a quick freezing solution after radiation domination and
still in the matter dominated regime, as can be noticed
3 The oscillating behavior in the EOS for the scalar field at the
end of the inflationary phase and commencement of the radia-
tion one (which also manifests with less intensity in wtotal), is a
reminiscence of the kination tendency typical of the quintessen-
tial inflation models of the type studied here (this very small
kination regime is also seen in Fig. 4, and discussed in there).
These features become less prominent for larger values of n and
they also tend to be damped away the larger is the dissipation
ratio Q∗, which leads to a much smoother transition between the
end of inflation to the radiation-dominated regime.
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from Fig. 6, we have that w0 ' −1 and wa ' 0 and,
then, the scalar field φ late-time behavior, by the present
epoch (a0 = 1), is practically indistinguishable from that
of a cosmological constant.
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FIG. 7. The ratio of dark matter and quintessence energies
densities, ρm/ρφ ≡ Ωm/Ωφ, as a function of the redshift, for
the model n = 3 and parameters given in Table I (solid line)
and the analogous quantity for the ΛCDM model (dashed
line). The dotted line indicates the late-time result given by
Eq. (4.5).
Finally, in Fig. 7, we show the ratio of dark matter
and quintessence energies densities, ρm/ρφ ≡ Ωm/Ωφ, as
a function of the redshift and compare the result with the
one from the ΛCDM model. We notice that the slope of
the curve from the quintessence model n = 3 (again the
other two cases shown in Table I give similar results) is
smaller than the one from the ΛCDM model. In partic-
ular, d(ρm/ρφ)/dt|z0=0 < H0, which has been seen also
in dark energy-dark matter interaction models [58, 73].
The variation d(ρm/ρφ)/dt in the present model being
slower than that of the ΛCDM model can alleviate the
coincidence problem seen in the latter [58, 73]. We also
note from Fig. 7 that the scalar field does not quite fol-
low a scaling dynamics with the matter density in the
matter dominated regime, which is consistent with what
is seen also in Fig. 6. After matter-radiation equality the
scalar field loses the scaling with the dominant energy
density. However, as we move toward the very distant
future, z < 0, a late-time behavior relating ρm with ρφ
emerges. As we extend the dynamics toward the future,
z < 0, a slow-roll approximation for the background dy-
namics for φ and ρm can be used. In this case, as the dis-
sipation ratio Q and the radiation energy density ρR are
completely negligible, we can approximate the Eqs. (2.16)
and (2.18), respectively, as
φ˙ ≈ − V,φ
Υρm
≈ − V,φ
M2
ρ1/4m , (4.2)
ρm ≈ Υρm
3H
φ˙2 ≈ (V,φ)
2
3HM2
ρ1/4m , (4.3)
where we have used in the above equations that at late
times the dominant contribution in Υρm is the last term
in Eq. (2.19). Thus, using that at late times z < 0,
H2 ∼ ρφ/(3M2Pl) and ρφ ∼ V (φ), hence, from Eq. (4.3),
we have that
ρ3/2m ≈
(V,φ)
4M2Pl
3M4V (φ)
, (4.4)
and, using also the expression for the potential Eq. (2.13),
we can finally obtain that
ρm
ρφ
≈
(
αnφn−1
Mn−1Pl
)8/3
V (φ)
(3M4M2Pl)
2/3
. (4.5)
From Fig. 7 we see that the result given by Eq. (4.5),
indicated by the dotted line, agrees quite well with the
full numerical result when log10(1 + z) < −1.
V. CONCLUSIONS
In this work we have proposed a dissipative quintessen-
tial inflation model that is able to fully describe both the
early inflationary Universe and the present epoch. The
early Universe dynamics is realized in the warm infla-
tion scenario. The late dynamics is motivated by the
recent dark energy-dark matter interaction models, how-
ever, differently from what is adopted in those models,
here we motivate the interaction term by the dissipative
terms typically found in warm inflation. By doing so, we
have defined a new type of interacting model connect-
ing both early- and late-time dynamics. Both the infla-
tionary and the late-time periods have been described in
terms of a steep class of generalized exponential poten-
tials. The role of the different forms of dissipation terms
adopted have been shown to be fundamental to lead to a
consistent picture.
We have obtained values for the tensor-to-scalar ratio
and the spectral tilt of the primordial spectrum that are
consistent with the ones obtained by the Planck legacy
data. Likewise, we have an appropriate description of the
late-time dynamics that avoids any strong fine-tuning of
parameters, as typically plagues many quintessence mod-
els in general. Our results share many similarities with
other dark sector types of interaction models, including
an alleviation of the coincidence problem.
Our model also displays some very welcome features.
For instance, the WI dynamics allows for a smooth tran-
sition from inflation to radiation domination, while the
scalar quintessence-dark matter interaction avoids the
possible dangerous kination regime that could last for
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too long a period. The model also allows for a proper
transition from dark matter to dark energy, including
an appropriate duration of the matter domination pe-
riod and the transition to the accelerated regime toward
today’s epoch.
Interaction models, in general, have been studied also
in the context of dynamical systems (see, for example,
Refs. [55, 56, 60] and for a recent review, see Ref. [105]).
Since analytical solutions can only be obtained in some
very special and particular cases, a dynamical system
analysis can allow one to obtain a qualitative picture of
the problem, including the stability, scaling solutions and
attractor points and also giving a qualitative view of the
long-time behavior of the cosmological dynamics. In the
present work we have adopted a more direct approach, by
directly studying the background dynamics numerically.
It would, however, be important to study the model pre-
sented here also in a dynamical system context. Here, we
have performed an analysis for the predictions from per-
turbations only for the cosmological inflationary regime.
Extending such an analysis also for the late Universe
dynamics (like computing the redshift-space distortion
fσ8 and a comparison with the analogous results from
the ΛCDM model), including also a statistical analysis,
would certainly help to better constrain the parameters
of the model. We expect to make these different explo-
rations of the model in the future.
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